Gerasimova and Corces, 1998). Results from immunofluinterfere with the ability of an enhancer to activate tranorescence experiments using antibodies against su(Hw) scription from a promoter when placed in between (reand mod(mdg4) indicate that these proteins are present viewed by Gerasimova and Corces, 1996; Geyer, 1997;  at hundreds of sites in polytene chromosomes from saliBell and Felsenfeld, 1999). These properties are suggesvary glands. These sites do not contain copies of the tive of an important role for insulators in the control of gypsy retrotransposon and are presumed to be endogeeukaryotic gene expression. Studies in the last few years nous insulators, similar to the one found in gypsy, that have led to the identification and characterization of play a role in the normal regulation of gene expression insulator sequences in a variety of organisms such as in Drosophila. The mod(mdg4) protein is located in apthe specialized chromatin structure (scs) and scs seproximately 500 sites and overlaps with su(Hw) at all quences of Drosophila (Kellum and Schedl, 1991 Schedl, , 1992  sites where this protein is present. Surprisingly, similar Zhao et al., 1995), the Fab-7 element of the bithorax immunofluorescence experiments using interphase nucomplex (Hagstrom et al., 1996; Zhou et al., 1996; Mihaly clei of diploid cells do not show the diffuse and general et al., 1997), and the insulator element present in the 5Ј nuclear staining one would expect from such a large region of the chicken ␤-globin locus (Chung et al., 1993) . number of individual binding sites. Instead, the su(Hw) In addition to its standard properties, this insulator preand mod(mdg4) proteins are present in 20 to 25 specific vents transgenes from becoming transcriptionally inaclocations within the nucleus (Gerasimova and Corces, tive due to DNA hypomethylation and histone deacetyla-1998). A possible explanation for this arrangement is tion (Pikaart et al., 1998). The CCTC binding factor that several individual binding sites for insulator proteins (CTCF) protein has been shown to bind to the chicken come together in a single nuclear location to form large ␤-globin and other vertebrate insulators (Bell et al., protein complexes. We will refer to the large aggregates 1999). Insulator elements have been also found flanking of several individual gypsy insulator sites as insulator the transcriptionally repressed HML and HMR loci and bodies. The implication of this interpretation is that insuin the upstream activation sequence of ribosome protein lator sites and their adjacent DNA, located in different parts of a chromosome, would be brought together to a single nuclear location through interactions mediated that can be tested experimentally to determine its vawith DAPI (blue) to visualize the location of the DNA. The location of the su(Hw) protein is indicated in green; lidity. Results presented here suggest that the gypsy chromatin insulator might regulate gene expression by and that of the mod(mdg4), in red. Both proteins colocalized in approximately 21 sites to form an equivalent organizing the DNA within the nucleus, presumably through the establishment of higher-order chromatin donumber of insulator bodies (the precise number varied slightly from cell to cell, oscillating between 20 and 25). mains that might play a role in the normal regulation of transcription.
Snapshots of the nucleus as it rotated 180 degrees around a vertical axis ( Figures 1A through 1F) show that all gypsy insulator bodies, with the exception of five Results located in the center of the nucleus, were located in the nuclear periphery. These interior bodies tended to be Gypsy Insulator Proteins Are Preferentially Located smaller and less intense than those located in the periphin the Nuclear Periphery ery. Because the total number of individual sites for the To further test the functional significance of the aggregamod(mdg4) protein is approximately 500 (Gerasimova tion of large clusters of individual gypsy insulator sites and Corces, 1998), these results suggest that, on averat specific nuclear locations, we first determined their age, approximately 25 individual gypsy insulator sites precise arrangement using antibodies against the su(Hw) come together to form one insulator body; and these and mod(mdg4) proteins. We used immunofluorescence structures are present mostly in the nuclear periphery. light microscopy to collect images at regularly spaced To test that the aggregation of individual insulator focal planes; stacks of images were then deconvolved sites was not caused during the fixation step required using the point-spread function of Agard et al., 1989. by the immunofluorescence procedure, we decided to Three-dimensional (3D) reconstructions of nuclei were examine the distribution of su(Hw) protein in live cells. examined for the location of su(Hw) and mod(mdg4)
We constructed transgenic flies expressing a green fluoproteins. Figures 1A through 1F should be located, in most cases, in the nuclear periphThe final outcome of these interactions might be to physery, because the protein components of the gypsy insuically attach the chromatin fiber to a nuclear peripheral lator bodies appear to reside preferentially in this nusubstrate-possibly the nuclear lamina-and in the proclear compartment. But the location of the sequence cess, organize the chromatin fiber into distinct domains.
should move toward the center of the nucleus in cells A model to visualize these interactions and the ensuing mutant for one of the insulator components, such as subnuclear organization of the DNA is depicted in Figsu Figure 3 shows the result To obtain further insight into the significance of the orgaof such an experiment using DNA sequences correnization imposed by the presence of gypsy insulator sponding to the cut (ct) locus located at subdivision 7B sites on the structure of a specific chromosome during in the X chromosome. This probe was hybridized to interphase, we determined the number of gypsy insulaimaginal disc cells from animals carrying the ct 6 allele tor bodies formed in a single X chromosome. To this caused by gypsy insertion into the ct gene (Jack, 1985). end, we stained diploid interphase cells from imaginal Note the location of the hybridization signal in the nudiscs of a wild-type Drosophila male with antibodies clear periphery, at the very edge of the blue staining against the male-specific lethal 2 (msl-2) and mod(mdg4) corresponding to DNA ( Figure 3A ). In contrast, in imagiproteins; msl-2 is present specifically in the X chromonal disc cells from flies of the genotype ct should be present in the nucleus in or immediately adjacent to one of these insulator bodies when the sequence su(Hw) V ( Figure 3D ). A similar result was obtained when sequences from the bithorax locus were used as hybridcontains a gypsy insulator, but the two should localize in different nuclear regions when the gypsy insulator is ization probes to compare their nuclear localization in cells from a strain carrying the gypsy-induced bx 34e munot present in the sequence. To test this prediction, we carried out in situ hybridization to cells from imaginal tation (Modolell et al., 1983) and from bx 34e su(Hw) V flies (data not shown). discs using as a probe sequences from the bithorax complex. At the same time, we determined the distribuData obtained from the second set of experiments were analyzed by measuring the ratio of the distance tion of gypsy insulator bodies by immunofluorescence using antibodies against the mod(mdg4) protein. The between the dot of FISH signal and the lamina to the radius of the nucleus. When nuclei had an ovoid shape, results of these experiments are displayed in Figure 5 . When imaginal disc cells from a strain carrying the we used the longest radius to avoid biasing the results. The data from this analysis are presented in Figure 4A . gypsy-induced bx 34e allele were used in the experiment, the site of DNA localization determined by FISH freIn flies wild type for su(Hw), the hybridization signals in 25% of the nuclei were at a distance of zero from the quently overlapped with one of the large aggregates of gypsy insulator proteins visualized with antibodies lamina, that is, the center of the hybridization signal was inside of the nuclear lamina; 50% of the nuclei showed against mod(mdg4) (Figures 5A-5D ). In contrast, the two signals failed to overlap when cells from wild-type flies, hybridization signals within 0.1 units from the lamina. In flies carrying a mutation in the su(Hw) gene, the hybridin which the gypsy element is absent from the bithorax locus, were used ( Figures 5E-5H) . In order to determine ization signal was at a distance of 0.3 from the nuclear lamina in 25% of the nuclei; 50% of the nuclei showed the statistical significance of this observation, we examined 540 nuclei from bx 34e flies and 455 nuclei from the hybridization signals at a distance of almost 0.4 units from the lamina. This analysis shows a clear and statistiwild-type Oregon R strain. The FISH and immunofluorescence signal overlapped in 73.8% of nuclei from imagically significant difference (p Յ 0.00001) in the nuclear distribution of insulator-containing DNA sequences benal disc cells of the bx 34e strain, but only overlapped in 19.6% of nuclei from Oregon R. The p value of this tween nuclei from cells expressing the su(Hw) protein or lacking this essential component of the gypsy insulator, analysis was p Յ 0.001, indicating a highly significant probability that the correlation was not random. suggesting that this insulator and associated proteins These results were quantitated by measuring the ratio of the distance between hybridization signals to the radius of the corresponding nucleus. To account for the difference in sizes of FISH signals, the distance between hybridization dots was calculated by measuring the distance between the centers of the dots and subtracting the sum of the radii of each pair of dots. Figure 4B shows the results of this statistical analysis. A negative number indicates that the two hybridization signals partially or completely overlapped, whereas a value of zero indicates that the two hybridization signals were immediately adjacent to and touching each other. The results of this analysis show that, in flies carrying a wild-type su(Hw) gene, the two hybridization signals overlapped in almost 75% of the nuclei, whereas no overlap was observed in the signals present in nuclei of the su(Hw) V strain (p Յ 0.00001); the same result was obtained for Oregon R. These results suggest that insulator sequences and their associated protein components cause two sequences located far apart in the genome to come together in the same nuclear location. This evidence strongly supports the hypothesis that individual gypsy insulator sites gather at specific nuclear locations to form the large aggregates observed in diploid nuclei during interphase. Results from the analysis of the distribution of GFP-su(Hw) protein in live the gypsy insulator is inserted in each of the two sequences. We chose two DNA sequences located in the nuclei suggest that this is the case. Cells from larval imaginal discs showed the typical punctated pattern of X chromosome at subdivisions 4D and 7B to test this prediction. When these two sequences were used as gypsy insulator bodies ( Figure 7A ). After a 20-min heat shock at 37ЊC, the su(Hw) protein appeared to be distribprobes for in situ hybridization using cells from the wildtype Oregon R strain, two distinct signals were observed uted throughout the nucleus in a uniform pattern; the punctated distribution had disappeared, with only some ( Figure 6A ). The same experiment was then repeated using the ct 6 strain containing copies of the gypsy elecells showing one faint dot of su(Hw) protein ( Figure  7B ). To test whether this alteration is also true for the ment at 4D and 7B (7B is the cytological location of the ct gene). In this case, the two hybridization signals mod(mdg4) protein, we determined its distribution in fixed cells using antibodies. As was the case for su(Hw), clearly overlapped in most nuclei of diploid cells in interphase ( Figure 6B) . The same ct 6 strain containing the the mod(mdg4) protein was distributed in a diffuse pattern after a brief heat shock, with some cells still distwo gypsy insertions at 4D and 7B, but also carrying a null mutation in the su(Hw) gene, showed two distinct playing one gypsy insulator body ( Figures 7C and 7D) . The alteration in the distribution of gypsy insulator separate hybridization signals corresponding to each of the probes as in the wild-type Oregon R strain ( Figure 6C) . bodies observed after temperature elevation could be 
The location of the nuclei as visualized by DAPI staining is shown in (A) and (E). The DNA hybridization signal is shown in green (B and F), and the location of mod(mdg4) protein is shown in red (C and G). (D) and (H) depict the merged images of the DAPI, DNA, and protein localization data. Arrows indicate the location of DNA hybridization signals in (B), (D), (F), and (G). Yellow arrows indicate the location of hybridization signals that correspond to a dot of mod(mdg4) accumulation in (C) and (G), whereas white arrows indicate the location of hybridization signals that do not overlap with sites of mod(mdg4). In (C) and (G), the arrows indicate the corresponding regions of the nuclei where the DNA hybridization signals are located in (B) and (F).
caused by a decrease in the cellular levels of the su(Hw) nents of the gypsy insulator fell off the chromosomes in cells subjected to temperature elevation. To test this and mod(mdg4) proteins; Western analyses showed that this was not the case and that the levels of the two possibility, we examined the distribution of su(Hw) and mod(mdg4) proteins on polytene chromosomes from proteins were the same before and after heat shock (data not shown). A second possibility was that the salivary glands. Figures 7E through 7H show that the number and intensity of bands was the same for both su(Hw) protein did not bind to its target sequence after heat shock and, as a consequence, both protein compoproteins before and after heat shock, suggesting that periphery. This distance increased to almost 0.5 in cells subjected to heat shock. In addition, heat-shocked cells the pattern of gypsy insulator bodies after heat shock was that the interactions among individual sites that showed a wide range in the distribution of these distances, compared to control cells. The difference in the give rise to the rosette structures represented in Figure  2 were disrupted, causing their disorganization. If this subnuclear distribution of the DNA sequence between control and heat-shocked cells was highly significant were the case, one would expect that changes observed at the protein level would then correlate with alterations (p Յ 0.0001). This result suggests that the changes observed in the localization of su(Hw) and mod(mdg4) proin the arrangement of DNA sequences containing the gypsy insulator. To test this hypothesis, we examined teins are accompanied by changes in the localization of the DNA to which these proteins are bound. Because the nuclear distribution of a DNA sequence located at subdivision 4D in the ct 6 strain carrying a gypsy element the proteins stay bound to the DNA after heat shock, the only explanation for this observation is that the rosette at this chromosomal position, and we compared the subnuclear location of this sequence in non-heatstructure formed by the gypsy insulator was disrupted as a consequence or pre-requisite for the heat-shock shocked cells versus cells subjected to a 37ЊC heat shock for 20 min. Whereas in imaginal disc cells from response.
To further test this hypothesis, we examined the distriflies grown at 22ЊC the 4D sequence was located prefer-bution of two different gypsy-containing DNA seand, instead, gypsy insulator proteins accumulate at a small number of nuclear locations. This has led to the quences, present at chromosomal subdivisions 4D and suggestion that each of the locations where su(Hw) and 7B, before and after heat shock. Before heat shock, mod(mdg4) proteins accumulate in the nucleus is made these two sequences were located in close proximity up of several individual sites that come together, perwithin the nucleus and often overlapped ( Figure 6B) . haps through interactions among protein components of After a brief heat shock at 37ЊC, the two sequences the insulator. Interestingly, the locations in the nucleus appeared far apart within the nucleus ( Figure 6D) . Analywhere individual insulator sites appear to aggregate are sis of data obtained from these experiments indicates not random. Analysis of the distribution of gypsy insulathat both the distance and the range increased after heat tor bodies in 3D reconstructions of nuclei from diploid shock (p Յ 0.0001; Figure 4B ). These results support cells in interphase indicate that, although not all the the conclusion that the global changes in transcription aggregate sites are present in the nuclear periphery, observed during the heat-shock response were accomapproximately 75% of them are present immediately panied by a reshuffle of the DNA within the nucleus as adjacent to the location of the nuclear lamina. This finda consequence of alterations in the chromatin organizaing suggests that the formation of gypsy insulator bodies tion imposed by the gypsy insulator.
perhaps requires a substrate for attachment, and the physical attachment might play a role in the mechanism Discussion by which insulators affect enhancer-promoter interactions. The nuclear lamina itself might serve as a subModels to explain the molecular mechanisms of insulastrate for attachment, perhaps through interactions betor action are based on their idiosyncratic effects on tween lamin and protein components of the insulator. gene expression. Some of these effects can be ex-
The nature of the substrate involved in the attachment plained by assuming that insulators interfere with the of the aggregate sites found in the interior of the nucleus propagation of a directional signal from the enhancer is unknown, but it is interesting that a lamin network to the promoter. This signal could be the looping of has also been detected in the inside of the nucleus ( taking place during the heat-shock response and alter-
